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structure as well as between the two structures. Preliminary designs there- 
fore turned to a system of precast columns, wall panels, roof girders, roof 
slabs, spandrel beams, and crane girders, 

The ultimate strength design method given in the appendix of the 1956 
ACI Building Code (ACI 318-56)* was used in the structural design. How- 
ever, it was decided to exceed moderately the 60,000 psi maximum value 
for stress in reinforcement at ultimate strength given by Section A603(e). 
Design of some details, such as roof girder web reinforcement, also departed 
somewhat from the limits and principles of ACI 318-56. 

Thus, the experimental investigation reported herein was undertaken to 
develop and to test an unusual type of precast concrete building frame. 
The roof girder selected departs from customary practice by its slender T- 
shaped cross section, by its high strength longitudinal reinforcement, and 
by its inclined stirrup reinforcement. 

Two model girders were tested. The purpose of the first test was to deter- 
mine the general behavior of the girder from zero load to ultimate strength, 
with particular attention given to flexural cracking and performance at 
service load. In the second girder test, attention was focused on adequacy 
of web reinforcement, action of face bars provided to reduce the width of 
cracks in the web, and the strength and performance of the girder-column 
connection. 



TEST GIRDERS 
Prototype frames 

The frame system and the roof girder shape were selected as a result of 
suggestions originating with Ulf Bjuggren and Torsten Lundin of Stockholm, 
Sweden. Columns 2 ft square and about 38 ft tall are fixed to the foundation. 
Crane girders and spandrel beams span 22 ft longitudinally between columns, 
and roof girders span 58 ft transversely between pairs of columns. The roof 
girders are connected to the columns in a manner designed to permit rotation 
without development of negative frame corner moments. However, the 
connection permits a horizontal force to be transmitted in each frame through 
the girder from one column top to another. Thereby both columns of a 
frame may be designed to "share" sidesway moments due to wind and crane 
loads. The maximum compression so transmitted through the girder is 
less than 5 percent of the internal compression due to bending of the girder. 

The roof girders selected have a T-shaped cross section 4 ft deep at mid- 
span and :; ft deep at the ends. Structural frame design was carried out for 
a design minimum concrete strength of 5000 psi and a design minimum yield 
point fur the main Longitudinal tension reinforcement of 70,000 psi. A longi- 
tudinal tension reinforcement of eight #9 bars with a total area of 8.0 sq in. 
satisi f'd design requirements. 

-•> 8 ' " B A l il d l?o e . Cc ^ e Retirements for Reinforced Concrete fACI 318-56). " ACI Journal. 
Ma> 1956. / roc. \ . 52, pp. 91.1-980. Further reference to Code ifl given by section only. 
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Fig. 1 — Testing arrangement for Girder 1 



Test specimens 

A 0.38-scale model of the prototype was the largest specimen that could be conveniently 
handled in the laboratory. Fig. 1 and 2 show over-nil views of the testing arrangement for 
the two test girders, and their dimensions are given in Fig. 'A. The total depth of the test 
girders was 0.38 X 4 ft = 18}i in. at midspan, and 0.38 X 3 ft = 13H in. at the ends. To 
simulate the roof loading of the prototype, the tesl girders were loaded at eight points as 
shown in Fig. 3. 

The columns of the prototype frames were designed in accord with the appendix and other 
applicable provisions of ACI 318-56. The column design procedures involved, therefore, 
ntiated l»\ numerous previous tests. It was necessary in this investigation, how- 
to develop a satisfactory connection between girders and columns. To accomplish 



Fig. 2 — Testing arrangement 
for Girder 2 
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The physical properties of these bars are given in Fig. 5. The compression reinforcement, 
stirrups, and face bars of the test girders were #2 deformed bars having an area of 0.045 sq 
in. and a yield point of 55,000 psi. 

The girders were cast in plastic coated plywood forms with close adherence to the dimen- 
sions given in Fig. 3. The fabrication and placing of reinforcement cages was carried out to 
tolerances of less than H in. Concrete was placed in the test girders and companion cylinders 
by internal vibration. Following 3 days of moist curing, all specimens were stored dry 
in the laboratory until they were tested. It was noted that the taper of the web permitted 
the girders to be lifted out of the forms without dismantling the forms. This could simplify 
form design and mass production of the type of girder involved. 

Design of test girders 

The main tension reinforcement of Girder 1 consisted of six #4 bars with 
a total area of 1.20 sq in. This represents closely the area corresponding 
to the prototype, namely, 8 X 0.38 2 = 1.16 sq in. To design web reinforce- 
ment for the test girders, and to study their service load behavior, it was 
necessary to calculate a service load for the test girders corresponding to 
that of the prototype. For this purpose, compression reinforcement and the 
small axial force were neglected and the prototype's 70,000 psi yield point 
and 5000 psi concrete strength were assumed. Flexural strength is controlled 
by the section at the load points nearest midspan, for which the effective 
depth d = 15.5 in. By ACI 318-56, Section A607(a), the depth to the 
neutral axis at ultimate strength = 1.30 qd = 1.30 X 0.12 X 15.5 = 2.4 in. 
This depth is less than the average flange depth of / = 3.0 in., and q = 0.12 
is less than the limiting value at 0.40 given by Section A605(c), so that the 
ultimate moment is given by Section A605(b): 

M % = hd*f c ' q (1 - 0.59g) = 1210 kip-in (1) 

in which 



I 



1 T 9 - 3.5 
= - I 3.5 2 + — (2 + 3.5) I = 3 in. 



// = cylinder strength = 5000 psi 
q = A,f v /bdf c ' - 0.12 



M u = ultimate moment A, = area of tension reinforcement = 1.2 

b = total flange width = 9 in. p q in - 

d = effective depth = 15.5 in. U = tension steel yield point = 70,000 psi 

For the test girder loading, the ultimate load is: 

8 8 

P» = M m — = 1210 = 36.4 kips 

L 200 

The live load of the prototype is less than the dead load, so that a load factor 
K = 1.8 applies. Hence, the test girder service load including the weight 
of the girder is 36.4/1.8 = 20.2 kips, and the service load shear, V, at each 
beam end is 10.1 kips. 
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Fig. 5 — Physical properties of 
AISI No. 9261 deformed bars 
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Shearing stress at the girder end is: 



Kijnn 



— = 293 psi. 



• (2) 



bjd 3 X 0.9 X 12.75 

which exceeds the 240-psi ceiling given by Section 803(c) for beams with 
vertical stirrups used alone as web reinforcement. Stirrups inclined 60 deg 
were chosen as web reinforcement for the prototype. Since high strength 
longitudinal reinforcement cannot be welded in the field, the stirrups were 
only tied to the main reinforcement with soft wire, although Section 802(a) 
calls for inclined stirrups to be "welded or otherwise rigidly attached to the 
longitudinal steel." 

The stirrups were designed by Section 804(d) of the ACI Code: 



A v - 



V s 



f v jd (sin a + cos a) 



• 0) 



in which 



A v = stirrup area = 2 X 0.045 = 0.09 sq in. 

s = horizontal stirrup spacing 

f v = tensile unit stress = 20,000 psi 



jd = 0.9d 

a = stirrup inclination 
= 60 deg 



By Section 801(d), the shear, V, carried at service load by web reinforce- 
ment should be taken as the excess over a 90 psi shearing stress permitted 
for the concrete of an unreinforced web. It was felt that, in the present 
case of an unusually slender girder with high strength materials, the result- 
ing stirrup reinforcement would be too light in the midspan region. It was 
chosen, therefore, to design the stirrups throughout the girder span for a 
value of V equal to 2/3 of the total shear present at a section. The stirrup 
reinforcement designed in this manner is shown in Fig. :>. 
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Girder 2 had web reinforcement identical to that of Girder 1. The longi- 
tudinal main reinforcement was increased to eight #4 bars, thus still further 
delaying flexural failure by exceeding both the yield point and the steel 
percentage of the prototype. This was done to ascertain the strength of 
the web reinforcement. Face bars were added to one-half of the girder to 
determine their effect on flexural cracking, 

TEST RESULTS 

The general behavior of both test girders was entirely satisfactory through- 
out the test. In both cases ultimate strength was governed by yielding of 
the main tension reinforcement below one of the two load points located 
L/16 from midspan. Girder 2 failed in the half without face bars. 

Ultimate flexural strength 

The ultimate loads P te&t} including dead weight of girder and loading 
frame, are given in Table 1 together with other pertinent strength data. 
Using 90,000 psi longitudinal reinforcement, the average flange depth of 
3.0 in. is less than the depth to the neutral axis given by 1.30 qd [Section 
A607(a)]. Accordingly, the ultimate moment is given by Section A607(b) 
of the ACI Code: 



M u = (A. - A tf )f v d [1 - 0.59 (q w - q,)] + A tf f v (d - 0.5*). 



•(4) 



m which for Girders 1 and 2, respectively: 



A, = area of tension reinforcement = 1.20 b 
and 1.60 sq in. , 

A tf = 0.85 (6 - V) t f c '/f v = 0.804 and , 
0.890 sq in. 

f v = yield point of tension reinforcement 

= 90,000 psi g, 

b = flange width = 9 in. 



7/ 



= average width of web = 3 in. 

= average flange thickness = A in. 

= cylinder strength = 4730 and 5230 psi 

= effective depth = 15.5 and 15.25 in. 

= AJ u /b'df c ' = 0.491 and 0.G02 

= A./ft/b'dfc' = 0.329 and 0.336 



The corresponding calculated ultimate loads, P cilll , are given in Table 1. 

ay be noted that the 60,000 psi yield point limit given by Section A003(e) 

eeded and that compression reinforcement was neglected. The 

values of q w - q f given in Table 1 are substantially below the maximum 

value of 0.40 given by Section Al so that Eq. (4) is applicable. 

1- flexural strength was also calculated by more refined methods 
urved stress-strain relationship for the concrete and using the actual 
S ird< section. For an assumed trapezoidal steel tain relation- 

ship, calculated ultimate Loads were obtained within a few percent of tl 
given in Table 1 for Eq. (4). Using the actual steel stress-strain curve of 
ver, calculations give a steel strain of about 0.01 at ultimate 
strength, which corresponds to a steel stress by strain hardening of 100,000 
pei. The resulting calculated ultimate loads are in close agreement with 
the observed ultimate loads, P Uth given in Table 1. 
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Flexural strain 

Strain measurements were made on Girder 2 only. 

measured near the two central load po 
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At each section, strain in the compression flange was measured by five 6-in. 
electric strain gages attached to the concrete surface. A 10-in. Whittemore 
mechanical gage was used to measure strain at four levels in the web. Finally, 
strains for all four steel layers were observed by electric gages attached to 
the reinforcement, waterproofed, and embedded in the concrete. 







00005 00010 00015 00020 00025 00030 00035 00040 00045 0.0050 

Fig. 6 — Deflection and strain data 
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The distribution of strain across both sections was linear from the first 
load increment to failure. This substantiates numerous previous obser- 
vations justifying the design assumption that plane sections normal to the 
axis remain plane after bending. Average concrete and steel strain are given 
in Fig. 6b as a function of load. The concrete strain at failure exceeded 
0.003. The steel strain exceeded 0.01, confirming thai the excess ultimate 
Bexural strength over calculated values was due to strain hardening of the 
reinforcement. 



Control of cracking 

Reinforced concrete must be expected to crack at loads ibly 

below the full design service load. For a modular ratio n = 30,000 
sile stress in the concrete at the tension steel level is/j = /,/ c '/30,000. Hi 
if the modulus of rupture of the concrete is / L5 / .king musl 

expected at a tensile steel stress/, = 4500 psi. It is knowi 
beam, the width of cracks Is essentially proportional to steel ad it 

has been customary to limit crack width by limiting the allowable 
stress to 20,000 psi even when beam strength require! uit a 

higher steel stress. 

The high strength reinforcement selected for the prototype girl 
a minimum yield point of 70,000 psi For a load factor of 1.8, the tension 
steel stress at service load is then to, not) ps \ ordingly, it v 
to develop other means of crack control than that of limiting the sti 
The slender T-shaped cross section of the girdc 
costs and dead weight and to realize a g bural app 

In addition, it was an important function of the slender section to ol 
a crack pattern consisting of numerous very fine cracks rather th 
\\ ide cracks. 

The width of cracks was measured with a graduated mi 

girder tests, and the location and extension of 

load levels. The crack pattern- at loads near tl responding to the 

prototype service load (20.2 kips) are given in Fig. 7. 

The width of flexnral cracks m the constanl moment region 
at a level 0.75 in. above the bottom of the girdi 1-7 

tion of steel stress. Both the maximum crack width and the a 
are given. ('racks near the beam end-, including diagonal 
always narrower than those near mid-pan. ( -on is made with the 

results ot* an auxiliary group of tests involving three 8 x 16-in. rectangular 
beams loaded at third-points of an 11-t't -pan. 

It is seen in Pig. 7 that a change from rectangular to T-shaped 

i pronounced effect on t>oth the maximum and 
At the prototype service load steel stress of H).(mm) p£ ige crack 

width for the test girders i> 0.001 to 0.002 in., which is the crack 
the rectangular beams at the customary Bteel stress of 20,000 psi. To co: 
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Fig. 7 — Crack studies 
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tracking, therefore, the selection of a narrow girder width is an effe 
alternate in design to the customary measure of limiting steel stress. 

To determine their effect on cracking, face bars were provided only in 
one half of Girder 2. Fig. 8 gives crack width cumulated for all cracks from 



Fig. 8 — Crack control by 
face bars 
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the girder end to midspan. " in. above th» 

the curve for the girder half with i 

the half without tare bars. At the higher Fig. 8 

the face bars reduced the cumulative '-rack width sul 

effectively control cracking in the beam v u the 

entire span of the prototype gird- 
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Fig. 9 — Stirrup strain measurements 



d that, for a service-load steel stress of 10,000 psi, the 

d to be extensively cracked. By the slender 

rack control afforded by face bare, these cracks 

ndividually so narrow thai they will not be 

; ' ibstantiate this, 11 may be noted thai 76-ff roof girders 

than those discussed herein were buiH in Stockholm 

mholm.* Though the design steel stress at service load 

d crack width 6 years after construction did not 

1 dered thai a crack width of 0.01 in 

limit below which cracks will not impair the beauty or 

i '1 concrete structure 

Stirrup reinforcement 

■ shearii at their ends, calculated by 

m psi, respectively, when the ultimate Bexural 
these bigfa shearing stresses, there wan no indication of 
and the inclined stirrups aided by 
ck width to a few thousand! , inch, 

therefon 

■Pite of the fact tl 240 psi maximum 

ted 

K"*ed I tirrupa at each .nd of Girder 

Ided. 
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TABLE 2— YIELD LOADS FOR END STIRRUPS 





Pyield 


kips 


/VW(36.6kips) 


Stirrup No. 
from girder end 


With 

face bars 


Without 
face bars 


With 

face bars 


Without 
face bars 


1st 
2nd 
3rd 

4th 


65 

58 
56 
56 


58 
47 

61 
46 


1.78 
1.58 
1.53 
1.53 


1.58 
1.28 
1.67 
1.26 


Average 






1 . 60 1 . 45 



The strain data are given in Fig. 9 as a function of total girder load. The 
stirrup strains were small until diagonal cracking began at a load of about 
20 kips. The strains then increased, but more slowly for the beam half with 
face bars. The girder loads at which the yield strain was reached for the 
various stirrups are given in Table 2. 

For the 4.25-in. stirrup spacing and the 55,000 psi stirrup yield point used, 
Eq, (3) gives an average V of 18.3 kips between the support and first load 
point, and a total girder load of 36.6 kips. The ratio between the obsei I 
stirrup yield load and this calculated value of 36.6 kips averages about 1.5 
in Table 2. This indicates that the stirrups carried 2/3 of the total - 
when they yielded. The ultimate load for Girder 2 was 67 2 kips, and at 
this load the stirrups carried only 36.6/67.2 = 3'y percent of the total shear. 
Even so, there was no indication of shear or diagonal tension distress. 

To facilitate fabrication, intermediate grade stirrups with a minimum 
yield point of 40,000 psi are used in the prototype. These tests indicate 
that such stirrups may safely be de- 
signed by Section 804(d), hut to carry 
2 3 of the total service load shear 
throughout the girder span at a stirrup 
unit stress of 20,000 psi. The ultimate 
QexuraJ strength of a prototype girder 
so designed can be fully developed 
without distress due to shear. It 
seems entirely satisfactory in this case 
bo use inclined stirrups without weld- 
ing them to the longitudinal steel, in 
spite of the fact that Section 802(a) 
calls for welding. 

On the other hand, since no shear 
distress was observed in either of the 
two girder tests, it is entirely possible 
that stirrups designed to carry only the 
excess over a 90 psi shearing stress pj g> 1 0— Girder-column connection after 
permitted on an unreinforced web test. Top — Girder 1 ; bottom — Girder 2 
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could suffice. It is the opinion of the writers, however, that any major roof 
girder, any beam with high strength reinforcement, and any beam with an 
unusually thin web should be provided with some web reinforcement through- 
out its span. This is particularly so for precast members because unforeseen 
erection loads, such as torsion, could seriously damage an unreinforced web. 
Girder-column connections 

Both girders were tested to failure in flexure with no indication of structural 
distress in the girder-column connection. Even the large rotations after the 
,i( ' d ^e pi, Lge of large deflection were accommodated 

v. As shown in Fig. 10, bearing of the flange of Girder 1 ca 
spalling of the column corner. This took place at service load, 
could have beeji pj ! by caulking rather than grouting the sp, 

i he flange and ti .,„. For Girder 2 and for the prototype, 

girder flange wajs discontinued at the face of the spandrel beams 
• in the lower photograph of Fig. 10. The performance of this latter 
lent in all r< 

CONCLUSIONS 

' ' I Building Code reflects the state of reinforced concrete 

the day, it was considered that 

should be well substantiated. 

scale model girders, n was found entirely 

■ ' n< particular case to depart in design 

ows: 

.•Milium value for stress in reinforcement at ultimate 

-1 to 70,000 psi. 
- i Se bioi i For unit shearing 

unl, stirrup reinforcement only waa inert 

I 

thai inclined stirrups must he "welded 
ted to the longitudinal steel" wa* waived 

in the present case to use a more conservative 
m that given by Sections 801 and802 Two-th 
ered carried by stirrups throughout th< 
shearing permitted on the concrel 

Jed to control cracking in the girder 

Discussion of this paper should reach AG headquarters in tripli- 
cate by Jan. 1, 1959, for publication in the June 1959 Journal. 
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